Microfluidic valves have enabled disruptive technologies in gene sequencing, single cell analysis, and structural and synthetic biology. [1] [2] [3] [4] [5] Numerous techniques have been developed to pump, switch, and isolate fluids in microfluidic channel networks via on-chip or off-chip control, including solenoids, 6 various types of injectors, [7] [8] [9] metal screws and pin-valves, 6 , 10 as well as single-layer [11] [12] [13] and multilayer membrane valves.
14 Amongst these, multilayer membrane valves (MLMV) are the method of choice when rapid and complete sealing of channels is necessary. These valves utilize a rounded geometry and vertical deflection of an elastic membrane to completely seal channels and achieve reliable, repeatable on-off actuation. However, fabricating microfluidic devices with these valves requires specialized photoresists and a mask aligner; moreover minor errors in fabrication or alignment of control and flow layers can significantly impact valve performance. 15 Single-layer membrane valves (SLMV) integrate the control and fluidic channels into a single layer, allowing both networks to be fabricated simultaneously and obviating the need for specialized photoresists or alignment. In these valves, pressurized control channels deflect the elastic side wall of the flow channel, enabling modulation of flow rate. 12 However, because the flow channels are rectangular in shape, small "gutters" remain open at the corners of the channels even when the valve is fully actuated, causing leaky flow. As a result, these valves have been primarily relegated to use as sieve valves for high throughput particle and cell sorting. 11, 13, 16 If leakiness could be reduced with appropriate changes to design, singlelayer valves would be valuable for applications prioritizing both control and simplicity.
In this paper, we characterize the leakiness of SLMVs and demonstrate that with appropriate design, leaky flow can be made negligible for most applications of biological relevance.
As an example of their utility, we use them to modulate the concentrations of DNA oligos in droplets by over three orders of magnitude, sufficient to reliably control the sequences of the constructs assembled in each droplet. In addition, we demonstrate the use of these valves to generate a library of droplets labelled with controlled combinations of dyes, a critical first step in the creation of spectrally-encoded particles. 17 Membrane valves utilize a pressurized chamber to deflect the flexible wall of a flow channel, increasing flow channel hydrodynamic resistance and thereby enabling regulation of flow rate. Three membrane valve types have been developed for lab-on-a-chip applications. Amongst these, SLMV are the simplest to design and to fabricate, but exhibit leaky gutter flow (Fig. 1A) , similar to the more complex MLMV based on rectangular channel geometries (Fig. 1B) . In both examples, gutter flow results from the use of rectangular channels that do not completely seal in the off state. To completely seal the channels, a rounded geometry can be implemented that prevents the formation of open gutters in the off state, as illustrated in Fig. 1C . MLMV with rounded channels thus afford the best performance of the three valve types but are also the hardest to fabricate, requiring both specialized photoresists to generate rounded channels and precision alignment of flow and control layers.
When deciding which type of valve to integrate into a microfluidic system, it is important to consider trade-offs between simplicity, performance, and robustness. Of the three valve types, SLMV are the simplest, because they can be fabricated in the same layer as the flow channel, obviating the need for alignment, an error prone step in the fabrication process. Furthermore, complete sealing of the flow channel is not essential for many applications. Rather, a marked change in flow rate between on and off states is sufficient, making the simplicity of single layer valves a major advantage. To investigate single-layer valve performance, we estimate the flow rates anticipated in the on and off states. For a constant pressure drop across a rectangular channel, the flow rate Q is inversely proportional to the hydrodynamic resistance R h , following !"#$.~1 ! = ℎ ! 12 for ≫ ℎ, where is the channel length, the channel width, and ℎ the channel height. approximate as two narrow cylinders where !"##$%~! 8 . Based on optimised dimensions from our previous paper ( = 30 µm, ℎ = 90 µm, and = 1000 µm), 12 the flow rate is reduced ~1300X by decreasing the channel cross sectional area to ~10% its value in the open state. Actuating the valves further to reduce cross sectional area to ~4% reduces the flow rate ~8000X. When forming droplets from streams controlled by valves, the relative concentrations of reagents loaded into the droplets is equal to the relative flow rates of the reagents; a flow rate reduction of 8000X thus results in a concentration change by the same amount. This dynamical range is sufficient to control most biological reactions. To empirically confirm the performance of the single-layer valves, we create a device that allows modulation of the flow rates of five liquids injected into a droplet generator (Fig. 2A) . The five liquids are pressurized to the same values and injected into the inlet ports of the microfluidic device; since the inlet channels of each liquid are identical, their flow rates into the droplet generator are equal unless the valves are actuated. The valves consist of a symmetric pincer geometry deflecting ~20 µm membranes into their respective fluidic channels using pressures ranging from 0 to 67 psi. To facilitate membrane deflection, all devices are fabricated from "soft" PDMS (6% cross linker) and sealed at the bottom with a flexible PDMS layer on glass. To enable visualization of leaky flow, we dye one of the aqueous solutions with 2 mg/mL IR dye 783 (central inlet) and inject water into the other inlets (Fig. 2B) . By measuring the area accommodated by the dye downstream of the intersection of the five inlets, we estimate the flow rate of this liquid and observe how it changes with actuation of the valve on the central channel before and after full valve actuation ( Fig. 2B and 2C, respectively) .
The IR dye allows us to qualitatively assess valve performance, but to quantify leakage as a function of valve actuation, we replace this dye with a fluorescent dye (100 µM fluorescein in PBS), injecting buffer (PBS) into the other inlets; consequently, the droplets generated contain a volume of fluorescent dye proportional to the flow rate of the central inlet. By sensitively measuring dye concentration using a photomultiplier tube, we can accurately detect even minute valve leakiness. To generate droplets with the device, we pressurize the aqueous solutions with a custom manifold (12.7 psi) and supply fluorinated oil containing 2 wt% of a biocompatible surfactant (RAN Technologies) at 600 uL/h using a syringe pump. We also compare the pincer valves to commercially available off-chip solenoid valves (Western Analytical Products). When the central solenoid is closed, shutting off the dye flow, fluorescence reduces ~300X but it does not go to zero (Fig. 3A) . This implies that, even when the solenoid is closed, a small flow rate remains. This could be due to leakage through the solenoid mechanism or, alternatively, the relatively large capacitance of the dead volume connecting the solenoid to the microfluidic device, which remains pressurized even after valve closure and may continue to pump dye solution into the droplet generator. Consequently, as is well known when using off-chip valves, it is often not possible to completely stop flow on a reasonable experimental time scale (minutes). By contrast, the pincer valves achieve an instantaneous reduction in droplet fluorescence of >3000X, significantly outperforming the solenoid valve; this corresponds to an estimated 94% constriction in cross-sectional area of the channel with actuation. Pincer valves are analogue: the degree of deflection of the membrane and the change in flow rate in the channel are proportional to the pressure applied to the valve; this allows not only on-off control but continuous modulation of the flow rate (Fig. 3C ). An additional advantage of the pincer valves is that the volume displaced by the valve membrane under actuation is small, so that a relatively small flux is required to equilibrate the pressure downstream of the valve; this allows rapid modulation of the flow rate, as illustrated by the reversibility of flow to actuation in points 4, 5, and 6 in Fig. 3C .
The ability to generate droplets with defined concentrations of reagents over a large dynamical range is valuable for numerous biological applications utilizing microfluidic droplets. For example, by loading different solutions into the five inlets and controllably modulating the relative ratios of the solutions, it is possible to scan large concentration spaces quickly. A potential application of this is the optimization of metabolic pathways or gene circuits requiring precise combinations of inducers, cofactors, DNA constructs, and other components. 19, 20 To illustrate the power of this method for creating droplets with controlled combinations of reagents, we introduce three dye solutions (fluorescein, resorufin, 5-Methylumbelliferone (5-MU) and 2 PBS reservoirs) into the device and modulate their relative concentrations using the valves. The amount of a particular reagent in the droplet is proportional to its flow rate and inversely proportional to actuation pressure, allowing us to generate droplets of different, defined types, as shown by the combinations plotted (Fig. 4A ). Generating combinatorial droplet libraries is useful for a broad array of biological applications, including spectral encoding of beads and performing biological screens. 17, 20 Another example is the synthesis of defined DNA constructs. The ability to modulate a DNA oligo's concentration by 3000X is sufficient to determine whether or not it will integrate into the construct created by Golden Gate Assembly (GGA). Indeed, if the ratio between two compatible DNA fragments A and B is offset by just 10X, ligation efficiency decreases significantly and DNA assembly fails. 21 To demonstrate the utility of pincer valves for this application, we perform combinatorial DNA assembly using two GGA-compatible DNA fragments of type A (A = 250 bp, A' = 500 bp), which are complementary to two fragments of type B (B = 350 bp or B' = 700 bp). We PCRamplify the fragments from a lambda phage genome to introduce GGA-specific 4 bp overhangs, and introduce each fragment through an individual channel with the central channel supplying enzymes and reaction buffer (BsaI and T4 ligase). By opening or closing the respective valves, we emulsify the four possible assembly products (A'B, A'B', AB', AB), collected into separate tubes. After thermocycling off-chip, we extract the constructs by breaking the emulsions and PCR-amplify with matching primers for agarose gel analysis; for example A'B is amplified using A rev and B' rev . All correct assembly products are amplified, resulting in product bands at the expected positions of A'B = 850 bp, A'B' = 1200 bp, AB' = 950 bp and AB = 600 bp, as shown in Fig. 4B . As expected, neither the control PCR reactions (wrong primers for respective construct, Fig. 4B , far right) nor a control emulsion of AA' yield product. Evidently, the small leakage does not impact successful ligation of the desired product, demonstrating the potential of pincer valves for synthetic biology applications like construct assembly and combinatorial gene library synthesis.
Figure 4:
Combinatorial mixing in a five-channel device using pincer valves. Encapsulation of three dyes arranged by decreasing fluorescein concentration (A). Agarose gel analysis of PCR-amplified Golden Gate Assembly products from combinatorial synthesis in a microfluidic mixer, (B). The left four lanes after a 1 kb ladder represent assembly product amplified with the correct primer pair; the final four lanes are misprimed PCRs (control).
